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We apply an alloying strategy to single-layer PtN2 and PtP2, aiming to obtain a single-layer
Pt-P-N alloy with a relatively low formation energy with reference to its bulk structure. We per-
form structure search based on a cluster-expansion method and predict single-layer and bulk PtPN
consisting of pentagonal networks. The formation energy of single-layer PtPN is significantly lower
in comparison with that of single-layer PtP2. The predicted bulk structure of PtPN adopts a struc-
ture that is similar to the pyrite structure. We also find that single-layer pentagonal PtPN, unlike
PtN2 and PtP2, exhibits a sizable, direct PBE band gap of 0.84 eV. Furthermore, the band gap
of single-layer pentagonal PtPN calculated with the hybrid density functional theory is 1.60 eV,
which is within visible light spectrum and promising for optoelectronics applications. In addition to
predicting PtPN in the 2D and 3D forms, we study the flexural rigidity and electronic structure of
PtPN in the nanotube form. We find that single-layer PtPN has similar flexural rigidity to that of
single-layer carbon and boron nitride nanosheets and that the band gaps of PtPN nanotubes depend
on their radii. Our work shed light on obtaining an isolated 2D planar, pentagonal PtPN nanosheet
from its 3D counterpart and on obtaining 1D nanotubes with tunable bandgaps.
I. INTRODUCTION
Two-dimensional (2D) materials such as single-layer
graphene and boron nitride hold great promise for a wide
range of applications such as electronic devices,1,2 opto-
electronic systems,3–5 and energy-related applications.6–8
Hexagons dominate the building blocks of many 2D
materials, which have issues such as the absence of
anisotropy, a desirable feature for certain applications
like photodetectors.9 To introduce anisotropy, one may
resort to 2D materials that adopt other shapes—in par-
ticular, pentagons—as their building blocks.
Because only 15 types of pentagons can tessellate an in-
finite plane and pentagons possess intrinsic anisotropy,10
2D materials consisting of a pattern of pentagons rep-
resent an important addition to the large family of 2D
materials whose structures are dominated by patterns of
other shapes especially hexagons. As two most promising
examples, single-layer PtP2 and PtN2
11–14 have been pre-
dicted to exhibit a unique planar, pentagonal structure
and attractive electronic structures such as direct band
gaps calculated at the level of hybrid density functional
theory—note that the band gaps at the level of Perdew–
Burke–Ernzerhof (PBE) functional theory are negligibly
small.12,15 But the stability of the bulk counterparts of
these two single-layer pentagonal materials and their for-
mation energies are likely to prohibit successful synthesis
or exfoliation. In particular, bulk PtN2 with the pyrite
structure is stable only at high pressures.16 As a result,
the formation energy of single-layer PtN2 is unphysically
negative (i.e., energy is gained from reducing bulk to
single-layer PtN2) if using the pyrite structure as the ref-
erence. On the other hand, although bulk PtP2 crystal-
lizes as the pyrite structure at ambient conditions,17 the
theoretical formation energy of single-layer PtP2 could
be too high (positive) to exist as an isolated nanosheet.
In this work, we apply density functional theory (DFT)
calculations and a cluster expansion method to search
for stable single-layer (2D) and bulk (3D) Pt-P-N alloys
based on single-layer PtN2 and PtP2 by taking the ad-
vantage of the low formation energy of single-layer PtN2
and stable bulk counterpart of single-layer PtP2. In ad-
dition to designing 2D and 3D Pt-P-N alloys, we also ex-
amine the feasibility of obtaining 1D Pt-P-N nanotubes
from bending 2D Pt-P-N nanosheets, with the goal of
achieving tunable electronic structures.
II. METHODS
We perform the DFT calculations with the Vienna
Ab-initio Simulation Package (VASP, version 5.4.4).18
We use the PBE functional for describing the exchange-
correlation interactions.19 We also use the standard Pt,
P, and N potential datasets based on the PBE func-
tional along with the projector-augmented wave (PAW)
method.20,21 Among the potentials, the 5d9 and 6s elec-
trons of Pt atoms, the 3s2 and 3p3 electrons of P atoms,
and the 2s2 and 2p3 electrons of N atoms are treated as
valence electrons. We adopt the plane waves with the
cut-off kinetic energy of 550 eV to approximate the elec-
tron wave functions. We use Γ-centered 12 × 12 × 12,
12 × 12 × 1, and 9 × 1 × 1 Monkhorst-Pack22 k-
point grids to sample the k points in the reciprocal space
for 3D, 2D, and 1D PtPN, respectively. A vacuum spac-
ing of 18.0 A˚ is applied to the surface slabs simulating
isolated 2D and 1D PtPN. For 3D, 2D, and 1D PtPN,
we optimize the atomic positions completely. Further-
more, for 3D PtPN, we relax all the lattice parameters;
for 2D PtPN, we optimize the in-plane lattice constants;
for 1D PtPN, we optimize the cell length along the axial
direction. The force criterion for all of the geometry-
optimization calculations is set to 0.01 eV/A˚.
ar
X
iv
:1
90
5.
03
97
3v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 10
 M
ay
 20
19
2III. RESULTS AND DISCUSSION
We first use the Alloy Theoretic Automated Toolkit
(ATAT) to generate inequivalent structures of single-
layer Pt2N4(1−x)P4x with five different concentrations x
of P (x = 0, 0.25, 0.5, 0.75, and 1) and to automate the
geometry optimizations and energy calculations.23 The
chemical formula written in this form is because each
unit cell of single-layer PtN2 and PtP2 consists of two Pt
atoms and four N/Pt atoms (each Pt atom is four-fold
coordinated by N/P atoms; each N/P atom is three-fold
coordinated by the same atoms). When x = 0 and 1,
the systems correspond to single-layer PtN2 and PtP2,
respectively. For x = 0.25, one P atom can replace any
of the four N atoms in a unit cell, but all of the four
structures are equivalent due to the four-fold rotational
symmetry in single-layer PtN2 and PtP2. Therefore, only
one of these four structures is optimized and its energy
is calculated. For x = 0.5, there are two different struc-
tures with and without a center of inversion symmetry,
respectively. Similarly, for x = 0.75, there is only one
inequivalent structure. We compute the energy change
∆E of the following ‘reaction’:
(1− x)Pt2N4 + xPt2P4 → Pt2N4(1−x)P4x. (1)
By this definition ∆E = 0, when x = 0 or 1. Fig-
ure 1 shows the ∆E results for the six single-layer
Pt2N4(1−x)P4x structures optimized from VASP calcula-
tions. We find that the structure with x = 0.5 is the most
stable, corresponding to the chemical formula PtPN. The
energy difference between single-layer PtPN and PtN2
and PtP2, i.e., ∆E = EPtPN-(EPtN2+EPtP2)/2 is deter-
mined as ∆E = -82 meV/atom. Figure 2 shows the top
and side views of a 3 × 3 × 1 supercell of this structure.
Similar to single-layer PtN2 and PtP2, single-layer pen-
tagonal PtPN exhibits a completely planar structure and
the optimized in-plane lattice constants a and b are 5.30
and 5.29 A˚, respectively.
The optimized structure of single-layer PtPN exhibits
no four-fold rotational symmetry, so the two in-plane lat-
tice constants are not identical. As a result, instead of
observing a pattern of same pentagons as in single-layer
PtN2 and PtP2—these pentagons below to the same type
and the tessellation pattern from this type of pentagons is
called the Cairo tessellation, there are two different types
of pentagons in single-layer PtPN. Table II lists the side
lengths (bond lengths) and angles (bond angles) forming
the two distinct pentagons illustrated in Fig.2(a). Re-
ferring to the definitions for the 15 types of pentagons
that can monohedrally tile a plane,24 neither of the two
types of pentagons in single-layer PtPN belongs to any
of the 15 types. Therefore, the geometry of PtPN shows
an example that a plane can still be tiled gaplessly by a
combination of different types of pentagons from the 15
ones, retaining the anisotropy for a 2D material.
We next examine the dynamical stability of the pre-
dicted structure of single-layer PtPN. Figure 3 shows the
computed phonon spectrum of single-layer PtPN. The
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FIG. 1. Energy difference ∆E as a function of the concen-
tration of P xP in single-layer and bulk PtPN with chemical
formulas Pt2N4(1−x)P4x and Pt4N8(1−x)P8x, respectively.
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FIG. 2. (a) Top and (b) side views of a 3 × 3 × 1 supercell
of single-layer PtPN. Two distinct pentagons denoted as P1
and P2 are enclosed in the cyan and red shaded areas.
real phonon frequencies confirm the dynamical stability
of the completely planar structure of single-layer PtPN.
Figure 4 shows the band structures of single-layer
PtPN calculated with the PBE and Heyd-Scuseria-
Ernzerhof (HSE06)25 functionals. Unlike single-layer
PtN2 and PtP2, where the PBE band gaps are nearly
zero,11–14 the PBE band gap of single-layer PtPN has
already shown a direct band gap of 0.84 eV. The conduc-
tion band minimum and valence band maximum both
locate at a k point near the M point. Using the HSE06
hybrid density functional theory corrects the band gap to
1.60 eV, much larger than the HSE06 band gaps of single-
layer pentagonal PtN2 (1.11 eV)
15 and PtP2 (0.52 eV).
26
3TABLE I. Bond lengths (in A˚) and angles (in degrees) of the two distinct pentagons P1 and P2 embedded in the atomic
structure of single-layer pentagonal PtPN (see Fig.2(a)).
Pentagon AB BL LI IJ JA ∠ABL ∠BLI ∠LIJ ∠IJA ∠JAB
P1 2.09 2.12 2.09 2.20 1.60 92.47 120.80 89.54 118.88 118.32
ED DM MG GF FE ∠EDM ∠DMG ∠MGF ∠GFE ∠FED
P2 2.12 2.22 2.20 2.22 1.60 90.21 120.13 87.78 121.00 120.88
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FIG. 3. Predicted phonon spectrum of single-layer PtPN.
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FIG. 4. Band structures of single-layer PtPN calculated with
the PBE and HSE06 functionals.
The HSE06 band gap indicates that single-layer PtPN is
promising for optoelectronics applications that can uti-
lize the direct band gap within visible light spectrum.
Comparing with single-layer PtN2 and PtP2, the en-
hanced band gaps in single-layer PtPN may be correlated
with the bonding characteristics, which can be revealed
from the electron localization function (ELF) shown in
Fig. 5. Different from single-layer PtN2 and PtP2 show-
ing both ionic and covalent bonding characteristics,11–14
the bonding type in single-layer PtPN is dominantly ionic
and ionic bond (e.g., in BN) is often associated with
large band gaps due to the large charge transfer between
FIG. 5. Electron localization function of single-layer PtPN.
cations and anions.
Having predicted the stable structure of single-layer
PtPN and its attractive direct band gap, we aim to pre-
dict the bulk counterpart from which single-layer PtPN
could be exfoliated. The existence of a bulk counterpart
appears to be a necessary condition for all the 2D ma-
terials that have been successfully synthesized or exfoli-
ated. We apply ATAT again to enumerate all the possible
bulk structures at different concentrations of P for bulk
Pt4N8(1−x)P8x in a 12-atom unit cell. We compute the
∆E for the following ‘reaction’:
(1− x)Pt4N8 + xPt4P8 → Pt4N8(1−x)P8x. (2)
Figure 1 display all the ∆E results. Similar to the single-
layer cases, the most stable bulk compound occurs at x
= 0.5, and the structure is illustrated in Fig. 6. This
bulk structure is nearly a cubic structure with space
group Pca21 and the lattice constants are 5.301, 5.301,
and 5.305 A˚, respectively. Moreover, the bulk structure
resembles the pyrite structure adopted by bulk PtP2.
17
Namely, viewing along the a/b/c axis, the bulk structure
can be regarded stacked PtPN single layers with a buck-
led structure. In contrast to PtP2, the stable bulk struc-
ture of PtN2 remains unclear. If assuming bulk PtN2 also
adopts the pyrite structure, we encounter an incorrect
conclusion that single-layer PtN2 is more stable than bulk
PtN2 with the pyrite structure.
15 We recently proposed
4FIG. 6. A 3 × 3 × 3 supercell of the predicted bulk structure
of PtPN.
a new structure of bulk PtN2 with layered structure. We
also compute the energy of bulk PtPN with a similar lay-
ered structure, but it is higher than that of bulk PtPN
with the pyrite-type structure by 180 meV/atom, con-
firming that the latter structure is the most stable one.
With the predicted stable structure of bulk PtPN,
we calculate the formation energy of single-layer PtPN,
namely the energy difference between single-layer PtPN
and the stable bulk structure. We find that the formation
energy is 174 meV/atom, which is much smaller than that
(410 meV/atom calculated with the PBE functional)12
of single-layer pentagonal PtP2. The formation energy
of a 2D material at this scale often implies the 2D mate-
rial could be exfoliated if the bulk counterpart exists or
synthesized if there is no bulk counterpart.27 The small
theoretical formation energy of single-layer PtPN sug-
gests a possible route to obtain this single-layer material,
i.e., alloying the stable bulk PtP2 compound by N atoms
to obtain the bulk structure of PtPN and then applying
the mechanical exfoliation method to the ternary bulk
compound to acquire single-layer sheets of PtPN. Alter-
natively, it is also worth attempting the molecular beam
epitaxy method28 to obtain the single-layer sheets.
Figure 7 shows the PBE band structure of bulk PtPN
with the pyrite-type structure. As can be seen, it is semi-
conducting with an indirect band gap of 1.21 eV. Bulk
PtN2 and PtP2 with the pyrite structure are also found
to have indirect PBE band gaps of 1.3515 and 1.06 eV,26
respectively. It seems to be expected that the band gap
of bulk PtPN lies between those of bulk PtN2 and PtP2.
This trend also holds as the HSE06 band gaps of bulk
PtN2, PtPN, and PtP2 are 2.22,
15 1.76, and 1.59 eV,26 re-
spectively. For the three materials, one common feature
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FIG. 7. Band structure of bulk PtPN calculated with the PBE
functional. The fractional coordinates of the high-symmetry
k-points are Γ (0, 0, 0), Z (0, 0, 1/2), T (0, 1/2, 1/2), Y (0,
1/2, 0), S (1/2, 1/2, 0), X (1/2, 0, 0), U (1/2, 0, 1/2), R (1/2,
1/2, 1/2).
is the decrease in their band gaps due to the dimension
reduction—the PBE band gaps of single-layer PtN2 and
PtP2 are so small that they should probably be regarded
as metallic.15 The PBE functional therefore not only un-
derestimates the band gap of single-layer PtPN, but also
performs poorly in determining the electronic structures
(metallic or semiconducting) of single-layer PtN2 and
PtP2 possibly due to their four-fold rotational symmetry,
leading to the degenerate energy levels at the M point
and at the Fermi level. By contrast, all the single-layer
forms of these three systems have direct band gaps at
the HSE06 hybrid density functional level of theory and
the HSE06 band gap of single-layer PtPN no longer lies
between those of single-layer PtN2 and PtP2.
If 3D and 2D PtPN can be obtained, one naturally
continues to explore the structures and properties of 1D
PtPN, i.e., PtPN nanotubes. We create the simulation
models of PtPN nanotubes by bending a N × 1 × 1
(N ranges from 3 to 10) supercell of single-layer PtPN
about the b axis into a tube. The integer N therefore
determines the radius R of a PtPN nanotube. Because
the unit cell of single-layer PtPN is nearly in a square
shape, bending about the a axis results in nearly the
same PtPN nanotubes. We first assess the energy change
δE from 2D to 1D PtPN as a function of N . δE stands
for the average energy change between a flat atomic layer
and an nanotube due to the change in curvature, which
represents the energy required per atom to bend the flat
PtPN nanosheet into the PtPN nanotubes of different
radii.29 Figure 8 shows that δE decreases as N increases
and the decrease is more significant when the N values
are small. As N is close to infinity, the nanotubes are
similar to single-layer sheets and δE therefore approaches
to zero.
To quantify the feasibility of obtaining PtPN nan-
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FIG. 8. (a) Side and (b) top views of a PtPN nanotube. (c)
Energy difference of PtPN nanotubes with reference to single-
layer PtPN as a function of N , which determines the number
of unit cells of single-layer PtPN that form a nanotube.
otubes from single-layer PtPN sheets, we convert N to R
and adopt the following model describing the relationship
between δE and R−2:30,31
δE =
D
2
R−2, (3)
where D is called the flexural rigidity also known as
the bending stiffness of nanotubes. D is a metric of
the requirement of a force couple to bend the nanosheet
per unit curvature.32 The flexural rigidity of single-layer
PtPN nanosheet arises from the combined effects of the
resistance from both in-plane bond angle changes and
out-of-plane electron clouds overlapping from Pt, P, and
N atoms.33 Figure 9 shows the variation of δE with R−2
for PtPN nanotubes. In our recent work, we calculated
δE for armchair and zigzag C and BN nanotubes ob-
tained from bending their nanosheets.15 We therefore
plot the same variations for C and BN nanotubes shown
in Fig. 9. By linear fitting the δE and R−2 data to Eq. 3,
we compute and list D for the different systems in Ta-
ble II. The D results of both C and BN nanotubes are
consistent with previous work.31 We also observe that
the D values for PtPN, C, BN nanotubes are compara-
ble and the flexural rigidity of the PtPN nanotubes lies
between those of C and BN nanotubes, which have both
been available in experiment,34 indicating that it is also
feasible to obtain PtPN nanotubes.
Finally, we calculate the PBE band structures of the
eight PtPN nanotubes shown in Fig. 10, revealing that all
of these nanotubes are direct-gap semiconductors. The
variation of the band gaps of the PtPN nanotubes with
N is shown in Fig. 11. We observe that as N increases,
the band gaps of PtPN nanotubes with odd and even
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FIG. 9. Variation of energy difference δE of PtPN nanotubes
with reference to their corresponding 2D sheets with 1/R−2,
where R denotes the radii of the nanotubes. A and Z in the
brackets stand for armchair and zigzag, respectively.
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FIG. 10. PBE band structures for PtPN nanotubes formed
from N × 1 × 1 supercells of single-layer PtPN.
TABLE II. Predicted flexural rigidity D (in eV·A˚2/atom) of
C, BN, and PtPN nanotubes. A and Z in the brackets repre-
sent armchair and zigzag, respectively.
C (A) C (Z) BN (A) BN (Z) PtPN
3.96 3.85 2.54 2.67 3.31
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FIG. 11. Dependence of PBE band gaps of PtPN nanotubes
on N , which determines the number of unit cells of single-
layer PtPN that form a nanotube.
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FIG. 12. A quarter of the first Brillouin zones (represented
by the cyan shaded areas) of N × 1 × 1 (N = 1, 3, and 4)
supercells of single-layer PtPN. The red dashed lines divide
the first Brillouin zone (enclosed by the solid blue lines) of a
unit cell of single-layer PtPN into N equal portions.
N values decrease and increase, respectively, and appear
to converge to a constant (∼ 0.9 eV, close to the PBE
band gap, 0.84 eV, of single-layer PtPN) if N is beyond
10. A similar dependence of band gaps on N is also
found in NiP2 nanotubes.
35 Furthermore, the band gaps
of the PtPN nanotubes with odd N are wider than the
nanotubes with even N . The relationship between the
band gaps andN shows that controlling the radii of PtPN
nanotubes can tune their band gaps.
To understand the larger band gaps of PtPN nan-
otubes when N is odd, Fig. 12 shows the high-symmetry
k points Γ, XN , MN , and Y in the first Brillouin zones
of single-layer PtPN represented by N × 1× 1 (N = 1, 3,
and 4) supercells. For N = 1, the X1 and M1 points are
the same as the X and M points, respectively, as denoted
in Fig. 4. The band gap at the M point is smaller than
that at the X point calculated with either the PBE or
HSE06 functional. When N is larger and odd, e.g., N =
3, the first Brillouin zone shrinks by three times, and the
wave vectors and their corresponding energy levels along
the X1-M1 direction are zone-folded to the X3-M3 direc-
tion, different from the Γ-Y direction that is common for
any N × 1 × 1 supercell. By contrast, if N is even, e.g.,
N = 4, the energy levels for the wave vectors along the
X1-M1 direction will overlap with the energy levels of the
wave vectors along the Γ-Y direction. As a result, we can
observe the band gap (originally at the M point) along
the Γ-Y direction. For PtPN nanotubes, only the wave
vectors along the Γ-Y direction are allowed, so the even
and odd N lead to the occurrence and absence of the
overlap along the Γ-Y direction, respecively. The band
gaps of PtPN nanotubes with odd N are therefore wider
than those of PtPN nanotubes with even N .
IV. CONCLUSIONS
In summary, we predict a single-layer alloy PtPN with
DFT calculations. This novel single-layer material con-
sists of a pentagonal pattern and is completely planar
and dynamically stable. We also find that single-layer
PtPN exhibits direct band gaps of 0.84 and 1.60 eV calcu-
lated with the PBE and HSE06 functionals, respectively.
Given the generally more accurate band gaps described
by a hybrid density functional, the HSE06 band gap en-
sures a variety of promising optoelectronics applications
of single-layer PtPN. We suggest that single-layer PtPN
can be obtained from exfoliating bulk PtPN with a rela-
tively low energy and the bulk pyrite-type structure can
be acquired from alloying bulk PtP2 with N atoms. We
finally show that bending single-layer PtPN into the nan-
otube form result in nanotubes that exhibit tunable band
gaps dependent on the radii of the nanotubes.
ACKNOWLEDGMENTS
We thank the start-up funds from Arizona State Uni-
versity. This research used the computational resources
of the AGAVE computer cluster at Arizona State Uni-
versity.
∗ zhuanghl@asu.edu
1 D. B. Farmer, Y.-M. Lin, and P. Avouris, Applied Physics
Letters 97, 013103 (2010).
2 G. Eda, G. Fanchini, and M. Chhowalla, Nature nanotech-
nology 3, 270 (2008).
3 J. Wu, H. A. Becerril, Z. Bao, Z. Liu, Y. Chen, and P. Peu-
mans, Applied physics letters 92, 237 (2008).
4 J. J. Dean and H. M. van Driel, Applied Physics Letters
95, 261910 (2009).
5 F. Xia, T. Mueller, Y.-m. Lin, A. Valdes-Garcia, and
P. Avouris, Nature nanotechnology 4, 839 (2009).
6 H. Wang, Z. Xu, A. Kohandehghan, Z. Li, K. Cui, X. Tan,
T. J. Stephenson, C. K. KingOndu, C. M. Holt, B. C.
Olsen, et al., ACS nano 7, 5131 (2013).
77 Q. Liu, C. Chen, M. Du, Y. Wu, C. Ren, K. Ding,
M. Song, and C. Huang, ACS Applied Nano Materials
1, 4566 (2018).
8 R. Raccichini, A. Varzi, S. Passerini, and B. Scrosati,
Nature materials 14, 271 (2015).
9 L. Li, P. Gong, D. Sheng, S. Wang, W. Wang, X. Zhu,
X. Shi, F. Wang, W. Han, S. Yang, et al., Advanced Ma-
terials 30, 1804541 (2018).
10 M. Rao, arXiv preprint arXiv:1708.00274 (2017).
11 Z. Liu, H. Wang, J. Sun, R. Sun, Z. Wang, and J. Yang,
Nanoscale 10, 16169 (2018).
12 L. Liu and H. L. Zhuang, Physical Review Materials 2,
114003 (2018).
13 J.-H. Yuan, Y.-Q. Song, Q. Chen, K.-H. Xue, and X.-S.
Miao, Applied Surface Science 469, 456 (2019).
14 K. Zhao, X. Li, S. Wang, and Q. Wang, Physical Chem-
istry Chemical Physics 21, 246 (2019).
15 L. Liu, D. Wang, S. Lakamsani, W. Huang, C. Price, and
H. L. Zhuang, Journal of Applied Physics 0, 000000 (2019).
16 J. C. Crowhurst, A. F. Goncharov, B. Sadigh, C. L. Evans,
P. G. Morrall, J. L. Ferreira, and A. Nelson, Science 311,
1275 (2006).
17 L. Thomassen, Zeitschrift fuer Physikalische Chemie,
Abteilung B: Chemie der Elementarprozesse, Aufbau der
Materie 4, 277 (1929).
18 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169
(1996).
19 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
20 P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
21 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
22 H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188
(1976).
23 A. van de Walle, M. D. Asta, and G. Ceder, Calphad 26,
539 (2002).
24 C. Mann, J. McLoud-Mann, and D. Von Derau, Geome-
triae Dedicata 194, 141 (2018).
25 J. Heyd, G. E. Scuseria, and M. Ernzerhof, The Journal
of Chemical Physics 124, 219906 (2006).
26 L. Liu and H. L. Zhuang, Phys. Rev. Materials 2, 114003
(2018).
27 A. K. Singh, K. Mathew, H. L. Zhuang, and R. G. Hennig,
The journal of physical chemistry letters 6, 1087 (2015).
28 D. Fu, X. Zhao, Y.-Y. Zhang, L. Li, H. Xu, A.-R. Jang,
S. I. Yoon, P. Song, S. M. Poh, T. Ren, et al., Journal of
the American Chemical Society 139, 9392 (2017).
29 R. Cherian and P. Mahadevan, Journal of nanoscience and
nanotechnology 7, 1779 (2007).
30 L. Landau and E. Lifshitz, Course of theoretical physics
(1986).
31 K. N. Kudin, G. E. Scuseria, and B. I. Yakobson, Physical
Review B 64, 235406 (2001).
32 C. Ru, Physical Review B 62, 9973 (2000).
33 A. Pantano, D. M. Parks, and M. C. Boyce, Journal of
the Mechanics and Physics of Solids 52, 789 (2004).
34 D. Janas, Materials Chemistry Frontiers 2, 36 (2018).
35 S. Qian, X. Sheng, X. Xu, Y. Wu, N. Lu, Z. Qin, J. Wang,
C. Zhang, E. Feng, W. Huang, et al., Journal of Materials
Chemistry C 7, 3569 (2019).
